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Abstract
It is well known that the Zee model induces small neutrino masses by radiative
corrections, where the bi-maximal flavor mixing is possible. We analyze the cosmo-
logical condition in order for the baryon asymmetry generated in the early universe
not to be washed out in the Zee model. Since the lepton number is violated ex-
plicitly in the Zee model, the baryon asymmetry might be washed out through the
sphaleron processes together with the lepton-number violating interactions. In this
letter, we will show that the baryon asymmetry is not washed out, although it has
been said that the Zee model cannot preserve the baryon asymmetry generated in the
early universe. This can be seen by considering an approximately conserved number,
L′ ≡ Le − Lµ − Lτ .
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1 Introduction
Recently the evidences of neutrino oscillations are strongly supported by both of the at-
mospheric [1, 2] and the solar neutrino experiments [3, 4, 5, 6]. The former suggests an
almost maximal lepton flavor mixing between the 2nd and the 3rd generations, while the
favorable solution to the solar neutrino deficits is given by large mixing angle solution
between the 1st and the 2nd generations ( LMA, LOW or VO ) [7]. Neutrino oscillation
experiments indicate that the neutrinos have tiny but finite masses, with two mass squared
differences ∆m2⊙ < ∆m
2
atm. Since the neutrino mass is much smaller than other quarks
and leptons, the origin of the neutrino mass is expected to be different from that of others.
The most popular mechanism to induce the small neutrino masses is the seesaw mecha-
nism [8], which needs heavy right-handed neutrinos. However, it is important to consider
also other possible scenarios which can explain the small neutrino masses, especially low-
energy extensions of the standard model. The Zee model [9] is such an alternative, which
induces small neutrino masses by radiative corrections, where the lepton number is violated
explicitly.
Generally, if there are lepton number violating interactions, care has to be taken for
these interactions not to be too strong at the temperatures above the electroweak scale,
since the baryon asymmetry generated in the early universe might be washed out by the
“sphaleron” process [10], which violates a linear combination of baryon (B) and lepton (L)
number, B + L. If the rate of the lepton number violating process becomes faster than
the Hubble expansion rate H during the epoch when the sphaleron process is in thermal
equilibrium, the baryon asymmetry generated at higher temperature would be washed
out, and there would be no matter anti-matter asymmetry in the present universe,∗ which
conflicts with the observation.
In this letter, we analyze the cosmological condition in order for the baryon asymmetry
generated in the early universe not to be washed out in the Zee model. (We will not
discuss the production mechanism of the baryon asymmetry. Instead, we just assume
that the desired amount of the baryon asymmetry is generated in the early universe and
discuss whether or not this baryon asymmetry can be preserved against the lepton number
violating interaction in the Zee model together with the sphaleron process.) In most part
of the analysis, we take the LOW solution to the solar neutrino problem. (We shall note
on the cases of other solutions in the last section.) We find that the baryon asymmetry is
not washed out, although it has been said that the Zee model cannot preserve the baryon
asymmetry [11]. This can be easily shown from the view point of a new lepton number
L′ ≡ Le − Lµ − Lτ .
∗In this letter we assume that the production of the baryon asymmetry took place in the early universe
before the electroweak phase transition.
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2 Brief review of the Zee model
Let us give a brief overview of the Zee model [9, 12, 13, 14, 15, 16] at first. The Zee model
is a simple extension of the standard model, which has two Higgs doublets φi = (φ
0
i , φ
−
i )
T
(i = 1, 2) and one SU(2)L-singlet charged Higgs field (Zee singlet) ω
±. The Zee model has
the following interactions in addition to the standard model ones;
∆L = fαβ lαL
C
(iτ2)lβL ω
+ + µφT2 (iτ2)φ1 ω
+ + h.c. , (1)
where lαL denote the left-handed lepton doublets with flavor indices α, β = e, µ, τ . Notice
that the coupling fαβ is anti-symmetric for the flavor index. For simplicity, we have omitted
the Higgs potential V (φ1, φ2, ω
−) which are irrelevant to the following discussion. As for
the Yukawa interaction, we assume only φ1 couples to lepton fields as,
LY = +eαR (ye)α φ˜1
†
lαL + h.c. , (2)
where φ˜1 ≡ (iτ2)φ∗1. As can be seen from Eqs. (1) and (2), the lepton number L is explicitly
violated in the Zee model.†
In the charged Higgs sector, the Zee singlet ω is mixed with the charged Higgs boson
Φ− through the µφ1φ2ω interaction in Eq. (1);
Φ− = cosχ S−1 − sinχ S−2 ,
ω− = sinχ S−1 + cosχ S
−
2 . (3)
Here, Φ− = cos β φ−1 − sin β φ−2 is the charged Higgs boson which is orthogonal to the
would-be Goldstone boson after the neutral Higgs fields acquire vacuum-expectation values
(VEVs) 〈φ 0i 〉 = vi, where tan β ≡ 〈φ 01 〉/〈φ 02 〉 = v1/v2. We denote the mass eigenstates of
the charged Higgs sector as S±i and their mass mSi .
In the Zee model, neutrino masses are generated by radiative corrections, as shown in
Fig. 1, and hence this model could provide an explanation of the smallness of neutrino
masses. The element of the mass matrix, generated by radiative correction at one loop
level, is given by
mαβ = fαβ(m
2
lβ
−m2lα)µ cotβ
1
16π2
1
m2S1 −m2S2
ln
m2S1
m2S2
. (4)
Here mlα(α = e, µ, τ) are the charged lepton masses. In Eq. (4), we have used mSi ≫ mlα .
Since the coupling constants fαβ are antisymmetric for the indices α, β, the mass matrix
Eq. (4) is traceless.‡ The above Zee mass matrix has been analyzed [12] in the light of
†We assume that there is a mixing term between φ1 and φ2 , m
2
3
φ†
1
φ2 + h.c. , in V (φ1, φ2, ω).
‡ If we consider higher order loops, non-zero values appear in the diagonal elements. We shall neglect
them, since the conclusion does not change.
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Figure 1: Neutrino mass diagram in the Zee model
recent neutrino-oscillation experiments, and it was shown that it must be the following
bi-maximal form to explain the experimental results;
Mν =

0 meµ meτ
meµ 0 mµτ
meτ mµτ 0
 ≃ m0

0 −1/√2 1/√2
−1/√2 0 ǫ
1/
√
2 ǫ 0
 , (5)
where m20 = m
2
eµ +m
2
eτ , ǫ = mµτ/m0 , meµ ≃ −meτ and ǫ ≪ 1. The eigenvalues and the
MNS matrix induced from the neutrino mass matrix Eq. (5) is given by
m1 ≃ m0(1− 1/2ǫ) m2 ≃ −m0(1 + 1/2ǫ), m3 ≃ m0 ǫ , (6)
and
UMNS ∼

1/
√
2 1/
√
2 0
−1/2 1/2 1/√2
1/2 −1/2 1/√2
 . (7)
The neutrino mass hierarchy is shown in Fig. 2. The mixing angle between the 1st and
the 2nd generations is maximal as well as the mixing angle between the 2nd and the 3rd
generations (θ12 ∼ θ23 ∼ 45◦). From oscillation experiments, the eigenvalues of the mass
matrix have to satisfy the following relations,
m21 −m23 ≃ m22 −m23 ≃ m20
≃ 2m2eµ ≃ 2m2eτ ≃ ∆m2atm , (8)
m22 −m21 ≃ 2m20 ǫ
≃ 2m0mµτ ≃ ∆m2⊙ . (9)
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Figure 2: The hierarchy of the neutrino masses in the Zee model.
Then, the relations among feµ , feτ and fµτ should be
∣∣∣∣∣feµfeτ
∣∣∣∣∣ ≃ m2τm2µ ≃ 3× 102 , (10)∣∣∣∣∣ feτfµτ
∣∣∣∣∣ ≃
√
2∆m2atm
∆m2⊙
≃ 3× 104 , (11)
from Eq. (4) and explicit values of mµ, mτ , ∆m
2
atm and ∆m
2
⊙. Here we take the LOW
solution to the solar neutrino problem §. These relations induce the ratio of feµ, feτ and
fµτ as
|feµ| : |feτ | : |fµτ | = 1 : 3× 10−3 : 10−7 . (12)
The phenomenological constraints on fαβ from various experimental bounds [13, 17, 18]
are given by
|feµ|2
M
2
< 3× 10−3GF −→ |feµ| < 2× 10−1
(
M
1TeV
)
, (13)
|fµτ |2
M
2
,
|feτ |2
M
2
< 8.5× 10−3GF −→ |fµτ |, |feτ | < 3× 10−1
(
M
1TeV
)
, (14)
where GF is Fermi constant and
1
M
2
≡ sin
2 χ
m2S1
+
cos2 χ
m2S2
. (15)
§ As for the other solar neutrino solutions, we will give comments in the last section.
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Equations (13) and (14) mean that fαβ cannot be of O(1) unless the charged Higgs boson
masses are of order 10 TeV. Notice that the constraints for fµτ and feτ in Eq. (14) are
automatically satisfied as long as the relation in Eq. (12) and the constraint for feµ in
Eq. (13) are satisfied. Actually, the conditions Eqs. (12) and (13) give rise to the following
constraint on the smallest coupling fµτ ;
|fµτ | < 2× 10−8 ×
(
M
1TeV
)
, (16)
which is much severer constraint than that of Eq. (14).
3 Cosmological Constraint on the Zee model
Now let us turn to discuss the cosmological constraint on the Zee model. A crucial point
is that a linear combination of the lepton flavors, L′ ≡ Le − Lµ − Lτ , is approximately
conserved in the Zee model. This is because the L′-number is violated only through the
coupling fµτ , which is much smaller than the other couplings, as can be seen in Eq. (12).
(Here, we assign the L′ number of the Zee singlet ω to be zero.) Notice that the sphaleron
preserves not only the total B −L = B − (Le +Lµ +Lτ ) but each B/3−Lα (α = e, µ, τ).
Thus, the number B/3 + L′ is also conserved under the sphaleron process, and is violated
only by the tiny coupling fµτ .
When the temperature T is higher than the mass of ω, Mω, the relevant interactions
which violate L′ are; lµlτ ←→ lelµ, lµlτ ←→ φ1φ2, and lµlτ ←→ ω. We consider the three-
body process lµlτ ←→ ω, since it gives the severest constraint on the coupling fµτ . ¶ The
rate of this process is given by
Γ(lµlτ ←→ ω) ≃ 1
2π
|fµτ |2Mω
(
Mω
T
)
. (17)
This L′-violating interaction is out of equilibrium if the above rates is slower than the
Hubble parameter of the expanding universe, H ≃ (g∗π2/90)1/2T 2/MPL. (MPL ≃ 2× 1018
¶ If µ > Mω, the four-body process lµlτ ←→ φ1φ2 can give a severer constraint on fµτ than that of the
above three-body process. In this case, we must take care the possibility that the condition µ≫Mω,MΦ
might make the physical Higgs masses, m2S1,2 , be negative. If the condition µ > Mω and m
2
S1,2
> 0 is
satisfied, we can analyze the out-of-equilibrium condition of this four-body process in a similar way to the
three-body case. However, the following conclusion does not change, since the coupling fµτ is suppressed
by (Mω/µ)
2 for µ > Mω [See Eq. (19)] and hence the out-of-equilibrium condition is satisfied more easily
than the three-body case.
6
GeV is the reduced Planck scale and g∗ ≃ 100 is the number of relativistic degrees of
freedom.) Namely, the out-of-equilibrium condition is given by
|fµτ |2 <∼ 1× 10−14
(
Mω
1TeV
)
. (18)
On the other hand, as discussed in the previous section, the coupling fµτ is very small
in order to explain the neutrino oscillation experiments. Hereafter, we assume Mω ≫ MΦ
for simplicity. In this case, we could consider mS2 ≃ Mω ≫ mS1 ≃ MΦ. Then, from
Eqs. (4),(8), and (9), the coupling fµτ is given by
|fµτ |2 ≃ 64π4 M
4
ω
m4τµ
2
(∆m2⊙)
2
∆m2atm
∼ 10−19
(
Mω
1TeV
)4 (100GeV
µ
)2 (
∆m2⊙
10−7 eV2
)2 (
3× 10−3 eV2
∆m2atm
)
, (19)
where we take tanβ = O(1) and ln(M 2Φ /M
2
ω ) = O(1).
Here we take the explicit values of µ and Mω, for example, as µ ∼ 100GeV and Mω ∼
1TeV. In this case Eqs. (18) and (19) show that the L′-violating interactions are really out
of equilibrium during T > Mω. This means that the baryon asymmetry is not washed out
in the case of LOW solution. This result is not changed, unless Mω is much heavier than
O(10TeV) or µ is extremely small.
At the lower temperature T < Mω, the rate of the three-body process is reduced because
the number density of the ω particle is suppressed by a Boltzmann factor e−Mω/T , and the
four-body interactions are also suppressed by a factor (T/Mω)
4.
As we have seen in this section, the L′-violating interactions have been out of equilibrium
since the birth of our universe. This is because fµτ must be small in order to explain the
neutrino oscillation experiments. Actually, the analysis of chemical potentials in the high-
temperature phase gives the following relation between the baryon asymmetry B and the
number B/3 + L′;
B =
60
563
(B/3 + L′) . (20)
Therefore the baryon asymmetry in our universe can be preserved, once the asymmetry of
B/3 + L′ is produced in the early universe.
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4 Summary and Discussion
Recent neutrino experiments indicate that neutrino masses are tiny and there are two mass
squared differences as ∆m2⊙ < ∆m
2
atm. It is well known that the Zee model induces small
neutrino masses by radiative corrections, where the lepton number is violated explicitly. If
the lepton number violating interaction becomes faster than the Hubble parameter before
the electroweak phase transition, the baryon asymmetry generated at higher temperature
(in the early universe) would be washed out. Therefore, in order not to destroy the baryon
asymmetry, the lepton number violating interaction must be out-of-equilibrium.
In this letter we have analyzed the cosmological condition in order for the baryon asym-
metry generated in the early universe not to be washed out in the Zee model, taking the
LOW solution to the solar neutrino problem. In this case, we find the baryon asymmetry is
not washed out, although it has been said that the Zee model cannot preserve the baryon
asymmetry [11]. This can be easily shown from the view point of the new lepton number
L′ ≡ Le − Lµ − Lτ .
The lepton number L′ is almost conserved quantity which is violated only by the tiny
coupling fµτ . From the viewpoint of L
′, the sphaleron process preserves B/3 + L′. The L′
violating interaction through fµτ is out-of-equilibrium in the Zee model when the results
from neutrino-oscillation experiments and natural mass scales of Higgs masses are used for
the input parameters. Therefore, we can conclude that once the asymmetry of B/3+(Le−
Lµ − Lτ ) is produced, the baryon asymmetry is preserved in our universe.
We have shown that the baryon asymmetry is preserved against the lepton-number
violating interaction in the Zee model. However, it is very difficult to explain the origin of
the asymmetry of B/3 + L′ within the Zee model. Therefore, some mechanism which can
generate a B/3 + L′ asymmetry is necessary.
Finally, we comment on the cases of other solar neutrino solutions (LMA and VO).
First, we consider the LMA case. It has been pointed out [14] that the Zee model could
not explain the LMA solution, since the Zee model induces a nearly maximal mixing of
solar-neutrino oscillation (sin2 2θ⊙ ≃ 1), which is in poor agreement with the observed
data [7]. If one would still apply the present analysis to the LMA solution, the out-of-
equilibrium condition of L′ violating interaction is marginally satisfied [See Eqs. (18) and
(19)], although it requires a more detailed analysis including a numerical solution of the
Boltzmann equation. The second case is the VO solution. As can be seen in Eq. (19), the
coupling fµτ which violates L
′ is proportional to the ∆m2⊙. Therefore, in the case of the
VO solution, where ∆m2⊙ is much smaller than that of the LOW solution, the rate of the
L′-violating interaction is also small enough, and the baryon asymmetry is preserved as
discussed in previous section.
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